A series of six-and eight-membered ring-fused aminothiophenes 1-8 was investigated in terms of the height of the rotational barrier of the amino group by dynamic 1 H NMR spectroscopy and quantum chemical methods. The restricted rotation around the N-C(sp 2 ) bond depends only on steric influences of the fused ring. The compounds with the eight-membered fused ring show a decreased barrier to rotation. This is caused by the increased steric energy of their ground states and similar energies of all calculated transition states. In these cases, the steric hindrance leads to a wider deviation of the amino group from planarity. Thus, the π-conjugation to the thiophene ring is more disturbed and the energy difference between ground and transition state is lowered. An additional dynamic process of the eight-membered rings was observed and could be classified as ring inversion which is sterically hindered by the neighboured protons of the amino group.
Introduction
Thieno [2,3-b] pyridines are known to be biologically active compounds. They show bactericide activities against Staphylococcus aureus and Pseudomonas aeruginosa 1 , fungicide activities against Venturia inaequalis 2 and act as neuroleptica and tranquilizer 3 . To understand biological mechanisms of these bioactive compounds it is necessary to investigate not only their minimum energy conformations, but also their intramolecular flexibilities. One of the most important interactions between ligands and receptors are hydrogen bridges. Therefore, not only the orientation of hydrogen donors and acceptors of the ligand molecules in their ground states but also the flexibility of these molecules are essential for their biological activity. For that major reason, some amino derivatives of a series of fused thieno [2,3-b] 
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Scheme 1
The low-temperature 1 H NMR spectra of 1-8 show decoalescence of the amino protons in agreement with the frozen rotation about the C(sp 2 )-NH 2 bond. This dynamic process will be studied along this work in dependence on electronic and steric substituent effects and the influence of intramolecular hydrogen bonds. The free energies of activation (∆G # ) were estimated experimentally by variable-temperature 1 H NMR spectroscopy and compared with results from quantum chemical calculations. In 7 and 8 a second dynamic process was identified. By analyzing the NOESY spectra of these compounds and the observed energy barrier this process was assigned to the ring inversion of the eight-membered ring moiety.
Results and Discussion
The barrier height of the restricted rotation of the amino group bound to (hetero)aromatic systems proved dependent on several influences, e.g. on bulky ortho substituents or on intra-or intermolecular hydrogen bonds to at least one of the amino hydrogens as discussed previously. 5 was studied and the barrier to rotation found to be ca. 61 kJ/mol. This value is relatively high taking into account the absence of an intramolecular hydrogen bond and of bulky ortho substituents. Only the formation of a partial C,N double bond, like in amides, can explain this high value. 6 The influence of an intramolecular hydrogen bond between one amino proton and an adjacent thioaldehyde substituent in thiophene derivatives was investigated and found to be in the range of 10 -12 kJ/mol. 7 The barriers to rotation of the amino group in 1-8 (Scheme) are given in Table 1 . The influence of the ester group (Me or Et ester) is only minor and within the range of the experimental error of measurement. A significant difference in the free energy of the restricted rotation (∆G # ) was found only between six-membered (1 -6) and eight-membered (7 and 8) ring systems. Compounds 7 and 8 show a lower barrier (ca. 2 -3 kJ/mol) than the other compounds with a six-membered fused ring. Further methyl substitution at the six-membered fused ring in positions 7 or 8 (compounds 3 -6) is also only of negligible influence on the barrier height. In order to better understand the lower barriers to rotation of the compounds with the eightmembered fused ring, quantum chemical calculations were carried out. Both ground and transition states were investigated. Similarities and differences will be discussed in the following (cf. Tab. 2). All calculated compounds show a slightly pyramidal arrangement of the amino group in their ground states and a stronger one in their transition states (sum of bond angles < 360°). In 7 and 8, the pyramidal character of their ground states is more distinct, caused by their stronger steric hindrance (cf. Tab.1). First, the larger and therefore bulkier ring leads to a shortening of the distance between one of the NH 2 hydrogens (H β ) and the adjacent CH 2 group in the fused ring (position 9 in 1 -6, position 11 in 7 and 8) by ca. 0.12 Ǻ. The distance of the second NH 2 hydrogen (H α ) to the carbonyl oxygen remains unaffected to be with a value of 2.04 and 2.05 Ǻ in the range of a strong intramolecular hydrogen bond. This intramolecular hydrogen bond is positioned in all compounds approximately in the thiophene ring plane: the torsional angle between C2 and H α was found of ca. 7 to 9 degrees, the torsional angle between C1 and the carbonyl oxygen of the ester group is only slightly out of plane (0.1° to 0.9°). Second, the value of the torsional angle between the thiophene ring plane and the NH 2 moiety (C2-C1-N-H β ) was calculated to be smaller in 7 and 8 (ca. 141°) than in 1 -6 (ca. 145°).
Thus, in all compounds investigated the amino group proved not only to be pyramidal but also to be non-planar with the thiophene ring moiety: the amino nitrogen atom was calculated to be slightly out of this plane (ca. 3°) (cf. Fig. 1 ). Such an "out of plane" structure of the amino group was already determined by an X-ray structural analysis of the bulky 2-methyl-5-nitroaniline 8 and is also known from a series of urea derivatives.
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The transition states of all calculated compounds are very similar. They are characterized (i) by a higher pyramidal character of the amino group regarding to their ground states (sum of angles of the amino group is lowered by ca. 20°), (ii) by the breaking of the intramolecular hydrogen bond, and (iii) by similar torsional angles of the two hydrogens H α and H β to the thiophene ring plane (cf. Figure. 1 ).
Figure 1.
Calculated stationary points of the amino group rotation of compound 1. The molecule is given in its two transition states (top) and its two ground states (bottom).
Comparing both the ground and transition states, the difference in the barriers to rotation between the compounds with the six-and the eight-membered fused rings can be explained by the steric influence of the different ring sizes on the ground states only. The quantum chemical calculations of the steric interaction of H ß and the nearest CH 2 hydrogen of the ring system, using the NBO 4.0 program 10 , show a ca. 4 kJ/mol higher interaction energy in the eight-membered fused rings. This interaction causes the larger non-planarity of the NH 2 group and hereby the weaker π-conjugation along the whole H bond chelate to the thiophene moiety. The free energy of the ground states of the eight-membered ring systems 7 and 8 is increased by ca. 2.6 kJ/mol due to this steric effect. This is in good agreement with the experimental difference to the barriers to rotation of the six-membered ring analogues (2 -3 kJ/mol). The differences between calculated and experimentally determined barriers to rotation can be explained by the fact that calculations were carried out for both ground and transition states in vacuum. Thus, solvent influences were not taken into account.
In compounds 7 and 8 a second dynamic process including the eight-membered ring was observed. The aliphatic ring CH 2 protons, spatially near to the amino group, are splitting at low temperatures. Room temperature NOESY spectra of 7 and 8 unequivocally assign protons by cross peaks between the NH 2 -protons and 11-CH 2 and the pyridine ring proton and 6-CH 2 . Additionally, a cross peak between 6-CH 2 and 11-CH 2 indicates a slightly twisted boat-chair conformation of the attached eight-membered ring. The dynamic process leads to an exchange of the pseudo-axial and pseudo-equatorial hydrogens at 11-CH 2 , corroborating the ring inversion. The pseudorotation as the dynamic process was ruled out because in this case a change of pseudo-axial and pseudo-equatorial positions could not be observed.
The obtained free energies of activation (∆G # ) of the barrier to ring inversion in 7 (44.3 kJ/mol, 221K) and 8 (43.8 kJ/mol, 220K) are slightly higher than given in the literature for cyclooctene-d 13 (34.3 kJ/mol) 11 and cyclooctene derivatives (31.8 -34.3 kJ/mol). 12 The theoretical calculations of this process in compound 7 at the HF/6-31G** level gave an energy of 53.6 kJ/mol for the barrier to ring inversion, the calculated free energy of activation (∆G # ) was found to be 50.2 kJ/mol. The differences between calculated and observed values may be due to the used quantum chemical approximations as mentioned above. One of the ground states and the transition state are shown in Figure. 2. The calculations showed that the steric hindrance between the protons of the amino group and the 11-CH 2 protons especially in the transition state influences the height of the barrier of this dynamic process. This may be the reason for the observed higher barrier of ring inversion in comparison to the literature data. The process was also observed by molecular dynamic simulation at a temperature of 500 K and a time scale of 300 ps. In Figure. 3 the time-dependent torsional angle betweeen H11 -C11 -C11a -C5a is presented. It can be clearly seen that the equatorial position (H11 eq ) with a starting torsional angle of ca. 150° changes into the axial position with a torsional angle of ca. 40° after ca. 80 ps and later (at ca. 120 ps) it changes back to the former position in complete agreement with the ring inversion process. Experimental Section
NMR-Spectroscopy
All NMR spectra were recorded using an ARX 300 (Bruker) with a temperature control unit VT 1000. The samples were measured as ca. 0.1 m solutions in CD 2 Cl 2 . All solutions were prepared as follows: after cooling below the melting point of the system the sample tube was evacuated and then warmed up to room temperature. This cycle was repeated five times and than the tubes were sealed.
characterized by analytical calculation of the second derivatives of the energies. The steric interactions were calculated using the NBO -natural steric analysis. 16 Natural steric analysis expresses the energy associated with exchange repulsion as the corresponding energy difference due to orbital orthogonalization. The strength of pairwise interactions between localized orbitals falls off rapidly with the distance, so the steric effects due to interaction of the interested number of orbitals in close proximity can be shown by a list of pairwise terms. These steric interactions can be a measure of atom atom interactions in a molecule. The NBO calculations were done with the program NBO 4.0 10 implemented in GAUSSIAN98. Molecular dynamics simulations (TRIPOS force field) 17 were carried out at 500 K under isobar conditions for 300 ps with time steps of 1fs. Snap shots were made every 100 fs.
Synthesis
The syntheses of the compounds 1 -8 and their NMR spectra are described in Ref.
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Conclusions
The barrier height of the restricted rotation of the amino group in the title compounds 1 -8 depends on the size of the fused alicyclic ring, but not on the size of the ester group in 2-position. Quantum chemical calculations show that steric interactions between the fused ring and the amino group are accountable for the differences in the measured free energy (∆G # ) to rotation about the N-C(sp 2 ) bond. The reason for this difference could be calculated to be the increased steric energy of the ground state of the compounds with the eight-membered fused rings, whereas the transition states of all compounds investigated were found to be very similar. The ring inversion in compounds 7 and 8 is also hindered by the steric influence of the amino protons. In the compounds 1-6 the six-membered ring did not show any dynamic effects during the variable-temperature NMR measurements. Both NMR methods and theoretical calculations were found to complement themselves and were able to correctly and completely describe the dynamic behavior of the compounds studied.
